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MinireviewFilopodia, Spines, and the Generation
of Synaptic Diversity
patterns of connectivity are modified. At some level the
question is structural: mature axonal arbors have partic-
ular branching patterns and form synapses with particu-
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lar cells within an area, as do dendritic arbors. ThereStanford, California 94305
must be an interaction between the intrinsic morphoge-
netic program specific to a given cell type and epigenetic
influences. Whatever the mechanisms behind this inter-
Central nervous systems are bewilderingly complex, action may be, it is clear that patterns of activity control
containing enormous numbers of cells that are con- structural reorganization of both axonal and dendritic
nected by an even greater number of synapses. More- arbors. Recent studies, primarily involving live imaging
over, the brains of no two vertebrate conspecifics are of neurons, have begun to suggest a role for dendrite
exactly alike, differing in the numbers and positions of dynamics in synaptogenesis and the remodeling of con-
their cells and the patterns of their synaptic connections. nectivity.
Despite this heterogeneity at the cellular and subcellular Dendritic Filopodia
levels, brains are not disorganized masses of neural Confocal imaging of DiI-labeled developing pyramidal
tissue, but are reproducibly organized into highly stereo- neurons in hippocampal slice cultures reveals highly
typed functional systems that have been preserved motile dendritic filopodia (Dailey and Smith, 1996). At
throughout evolutionary history. The questions con- early developmental times (z1 day in culture of early
fronting the neurobiologist include two important and postnatal tissue), dendrites have a high density of filo-
related issues: how nervous systems are constructed podia, which exhibit protrusive activity on the timescale
during development, generating a conserved architec- of minutes to hours. At later developmental times (1±2
ture from a heterogeneous substrate, and how changes weeks in culture), dendrites extend progressively fewer
in mature neural circuits are related to the remodeling and less dynamic filopodia, a trend accompanied by
events that characterize neural development. a steady increase in the number of stable, spine-like
Activity-Dependent Structural Changes structures. These observations support the earlier sug-
during Development gestion (Saito et al., 1992) that dendritic filopodia may
A partial answer to these questions involves use-depen- participate actively in the formation of synapses. Specif-
dent segregation of afferent fibers among postsynaptic ically, it was proposed (Dailey and Smith, 1996; Ziv and
targets (Goodman and Shatz, 1993; Katz and Shatz, Smith, 1996) that initial synaptogenesis would be the
1996). Those cells whose activity consistently takes part result of contact between filopodia and axons, that re-
in firing a postsynaptic cell will have their connections traction of synapse-bearing filopodia could generate
to that postsynaptic cell strengthened. Cells that do not shaft synapses or spine synapses, and that the total
contribute to the firing of the postsynaptic cell will have number of dendritic filopodia generated during develop-
their synaptic contacts to that cell weakened and ulti- ment would be more than sufficient to account for the
mately eliminated. Over time, the spatiotemporal firing number of synapses present on the mature neuron. Sev-
patterns of upstream neurons will result in the segrega- eral electron microscopy (EM) studies have demon-
tion of the coactive terminal arbors onto separate popu- strated that filopodia are capable of participating in syn-
lations of postsynaptic neurons. This general organizing aptogenesis (Saito et al., 1992, 1997; Fiala et al., 1998).
principle is believed to act in the rearrangements re- Electron micrographs of developing tissue reveal that
quired for the initial development of the nervous system, synapses are present on the tips and shafts of dendritic
as well as those occurring during learning and memory filopodia, as well as on dendritic spines and shafts (Saito
in the mature organism. In the development of the verte- et al., 1992, 1997; Fiala et al., 1998). The results clearly
demonstrate that filopodia do form synapses, receivingbrate visual system, for example, the retinothalamic and
synaptic input in vivo.thalamocortical projections initially generate coarse
Given the activity dependence of neural wiring andtopographic representations in the lateral geniculate nu-
the potential role filopodia play in synapse formation,cleus and visual cortex, respectively. Over time, use-
electrical activity might be expected to modulate thedependent mechanisms act to refine the coarse initial
dynamics of filopodia. In a recent study, synaptic stimu-mappings, resulting in precise functional networks.
lation was shown to result in a local and persistent in-Such activity-mediated development preserves func-
crease in the number and length of filopodia on thetional architecture, without having to specify any given
dendrites of CA1 pyramidal neurons (Maletic-Savatic etsynaptic connection. Similarly, in the adult organism,
al., 1999). Neurons in early postnatal hippocampal sliceuse-dependent adjustment of synaptic efficacy is be-
cultures (maintained 7±9 days in culture) were labeledlieved to play a role in learning and memory. In each of
by infection with a recombinant Sindbis virus, which wasthese cases, the NMDA receptor has been implicated in
engineered to express the gene for green fluorescentinitiating the relevant structural and functional changes
protein (GFP). Two-photon laser scanning microscopythat result in refinement of synaptic connections (Con-
was then used to image the brightly labeled cells. Withinstantine-Paton and Cline, 1998).
30 min of local, tetanic stimulation with a microelec-However, it is not entirely clear how the initial popula-
trode, the dendritic branch close to the stimulus re-tions of synaptic connections are established, nor how
sponds with an increased density of filopodia, lasting
for at least 90 min. Moreover, these induced filopodia
tend, on average, to be longer than those that form* To whom correspondence should be addressed (e-mail: sjsmith@
leland.stanford.edu). spontaneously. Other branches on the same dendrite,
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Figure 1. Diversity Generation by Dendritic
Filopodia
During development (left to right), filopodia
extend and retract from the dendritic shaft
(black), transiently making contact with
nearby axons (red). Over time, the dendrite
samples the available axonal inputs, allowing
patterns of afferent activity to imprint pat-
terns of specific synaptic connections. Initial
connections would be formed randomly at
first, then in a biased random manner. Pat-
terns of afferent activity would then selec-
tively stabilize appropriate synapses among
the population of excess connections.
but remote from the stimulus, do not exhibit this in- filopodia extend dynamically from the dendritic shaft,
occasionally contacting nearby axons to form morpho-creased filopodial motility. Application of APV to the
slices abolishes the stimulation-dependent increase in logical synapses. Described in this way, it seems that
the value of dendritic filopodia, as far as neural develop-filopodia dynamics, indicating the involvement of NMDA
receptors in this process. The induction of filopodia by ment is concerned, is in their ability to form a large
number of synaptic connections, potentially connectingsynaptic stimulation, in an NMDA receptor±dependent
process, provides a potential mechanism for coupling a given dendritic arbor to every axon within filopodial
reach.activity-dependent plasticity with filopodium-initiated
synaptogenesis in the developing brain. For an activity-dependent establishment of synaptic
connectivity to be involved in neural development, thereIn an important advance, this same group has ex-
tended their results by looking at dendritic motility in needs to be a mechanism for generating excess synap-
tic connections, i.e., many more neurons must initiallythe somatosensory cortex of intact rats (Lendvai et al.,
2000). Using the same methodological approach, the be connected than will subsequently be stabilized. This
overabundance is important for providing the substratedynamics of dendritic protrusions on pyramidal neurons
in layer 2/3 of the barrel cortex were shown both to upon which selection will act, determining which path-
ways are ªburned inº during development. Thus, therebe regulated developmentally and to be regulated by
sensory input within a 3 day critical period. As was found are two balanced and equally important processes oc-
curring, the formation of new synapses and the selectionfor hippocampal neurons, layer 2/3 pyramidal cells ex-
hibit highly motile filopodia and spines. The dynamics of a subset of synapses from the existing population.
This is necessary since the appropriate connectionsof these structures decreases steadily from postnatal
days 8±18, the time when much of the cortical networks cannot be predicted in advance, due to variability of
both development and experience. The potential impor-are being established. This loss of dynamics is also
accompanied by an increase in the proportion of stable tance of dendritic filopodia could rest in their ability to
transiently form many synapses, sampling and resam-dendritic spines. In order to probe the potential role of
filopodia in synaptogenesis, the vibrissae of the rat were pling a much greater number of inputs than would be
possible with a more static arbor, and providing a di-trimmed, greatly attenuating sensory input into the bar-
rel cortex. In response to this sensory deprivation, the verse pool of synapses for selective stabilization (Figure
1). Thus, steady-state turnover of synapses during de-rates of filopodia and spine motility are reduced by
z40%, although the densities and morphology of these velopment will allow a given cell to sample a ªvirtual
poolº of excess connections and contribute to the net-protrusions are unaffected. Interestingly, this effect is
only evident during a critical period spanning postnatal work of cells, sampling a large number of potential con-
figurations.days 11±13. As expected, sensory deprivation during
this critical period disrupts proper formation of barrel The increased motility of filopodia in response to syn-
aptic stimulation is potentially very important, becausefields, generating a more diffuse, less finely tuned topo-
graphic map. Thus, sensory deprivation results both in it provides an instructive cue for utilizing the intrinsic
dynamics of the dendrite. Activity-induced increases ina reduction of filopodia dynamics and in the inhibition
of cortical map refinement. The implication is that the dendritic motility elaborate upon the basic selection pro-
cess. Local influences such as synaptic activation in-loss of synaptogenic potential resulting from reduced
filopodia motility prevents normal development of func- duce filopodial motility. This motility would result in in-
discriminate synaptic contact with any nearby axons,tional networks, although a causal relationship between
filopodia motility, final pattern of synaptic connectivity, again increasing the diversity of the local synaptic pool.
As formation of these new synapses would be in re-and proper map formation still needs to be demon-
strated. sponse to previous, local activity, there is a high proba-
bility that at least one of them would be with the pre-Dendrite Dynamics and the Generation
of Synaptic Diversity viously active presynaptic partner and would strengthen
that connection. The implications of this are 2-fold. First,While the existence of filopodia, their ability to form
synapses, and their modulation by activity-dependent the random synaptogenesis required for the early gener-
ation of synaptic diversity may become biased as devel-processes is interesting, it is necessary to ask why these
observations might be important: what relationship do opment progresses, thereby influencing subsequent
patterns of innervation. Second, the NMDA receptor,these events have to neural development and how do
they impact the proper assembly of the CNS? The data which has had a presumed involvement in the stabiliza-
tion of synapses, may also have a role in initiating thedescribed thus far argue strongly for a scenario in which
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Figure 2. Input-Specific Growth of New Spines
In mature neural networks, modifications to
the network are often viewed as adjustments
to synaptic efficacy. One way in which this
is accomplished is by addition of redundant
connections. In response to activation of a
synapse (left), an additional active zone ap-
pears, generating a perforated synapse (cen-
ter). This spine may then split into two mature,
functional spines (right), strengthening the
synaptic connectivity of specific synaptic
partners.
formation of new synapses through its effect on filo- number of perforated synapses increased shortly after
stimulation, reaching a maximum after 30 min, but de-podia.
The results of Lendvai et al. are consistent with filo- creasing to control values by 60 min after LTP induction.
These transient changes were not observed in inactivepodia having a role in the diversity generation/selection
process. Although the instantaneous density of den- synaptic profiles. After 60 min post induction, there was
an increase in the number of boutons having synapticdritic protrusions remains constant in response to sen-
sory deprivation, the rates of motility are reduced. This contacts with multiple spines. The morphology of these
spines, as well as the presence of calcium precipitatemeans that, over a given time interval, more filopodia
are able to extend and retract, and more presynaptic in them, indicated that they were mature and functional.
Detailed analysis revealed that in the majority of casesinputs can be sampled than in deprived rats. If the critical
period is of a specified duration, the brains of deprived these spines originated from the same dendrite. These
experiments provide compelling evidence for linkingrats simply may not have enough time to undergo the
sampling, resampling, rewiring, and refining that is nec- LTP induction with the formation of duplicate synaptic
contacts (Figure 1, middle).essary to generate a well-tuned, mature network. At the
end of the critical period, when the cortex stabilizes, the Divergent Roles for Filopodia and Spines
At first glance, the above data are similar to the observa-state of the deprived networks may still be immature. It
is possible that the rates of synapse turnover (through tions of Maletic-Savatic et al. (1999) and Lendvai et al.
(2000): there is an increase in the number of dendriticmodulation of filopodia density and motility) and the
durations of developmental critical periods have been protrusions in response to synaptic activation, and acti-
vation of the NMDA receptor appears to be necessarytuned through evolutionary history to be compatible.
Dendritic Spines for this increase. Further, in both circumstances there
will be a local increase, if only transiently, in the numberIn the vertebrate CNS, most excitatory synapses are
made on dendritic spines (Harris, 1999): short, bulbous of synapses. However, the detailed behavior differs be-
tween filopodia and spines. Engert and Bonhoefferstructures that stud the dendrites of many neuronal
types. While spines have long received attention for their (1999) did not report the generation of long, highly motile
filopodia in response to LTP induction, but rather a smallpotential role in information processing and integration,
evidence has also begun to accumulate that supports increase in the local density of stable dendritic spines.
The results of Toni et al. (1999) suggest that these newlya role for structural dynamics of spines in synaptic plas-
ticity. Using a local superfusion technique combined formed spines may be due to the splitting of activated
postsynaptic sites. The growth of new spines seemswith 2-photon imaging, the induction of long-term po-
tentiation (LTP) was shown to result in a rapid, local highly specific; new spines appear to be preferentially
associated with previously active presynaptic boutons.growth of new dendritic spines (Engert and Bonhoeffer,
1999). Mature hippocampal slices (2±4 weeks in culture) The effect of structural plasticity in this case is to specifi-
cally strengthen an existing connection between twomaintained in a blocking solution (low Ca21 and Cd21)
were stimulated with an electrode placed in the region cells (Figure 2). This interpretation differs substantially
from that given above to the role of filopodia, in whichof the Schaffer collaterals. LTP induction was permitted
in a local region by washing out the blocking solution structural dynamics results in a more or less random
generation of synaptic contacts, many of which will bewith a local superfusion technique. New dendritic spines
formed on the labeled dendritic branch as quickly as 30 eliminated over time. This raises the question of whether
the behaviors observed by Maletic-Savatic et al. andmin post induction. In the presence of APV, in the ab-
sence of LTP induction, or on branches remote from the Lendvai et al. on the one hand, and by Engert et al. and
by Toni et al. on the other, represent distinct biologicalsite of LTP induction (.30 mm), few spines formed de
novo during the duration of the experiments. This study phenomena. The differences in dendritic dynamics de-
scribed by these papers may reflect cellular changessuggests that either LTP or a parallel process results in
a local growth of new synapses; synaptic strengthening that accommodate a change in functional requirements
characteristic of different developmental stages. Earlyis accompanied by the growth of new synapses.
Further evidence supporting an involvement of struc- in development, the nervous system needs to be dy-
namic and plastic to sort through potential patterns oftural remodeling following LTP induction comes from
EM (Toni et al., 1999). Hippocampal slices were fixed connectivity in order to establish the basic pathways
required for neural functioning. Activity-dependent in-following LTP induction and activated synapses were
marked by reacting accumulated cellular calcium with duction of filopodia may help facilitate the burning-in
process, biasing later patterns of synaptogenesis. Oncepotassium chromium-trisoxalate, which forms a fine,
electron-dense precipitate. In response to activity, the these basic pathways are established, the same level
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of plasticity could be very disruptive and chaotic, and and behavioral consequences of these cellular and mo-
the same level of diversity generation would need to be lecular differences? The fundamental issue here, as
restricted. The type of remodeling occurring in the more elsewhere, is: What goes on in an organism when no-
mature organism appears to be more input specific, as body is watching? Which small scale processes are im-
suggested above, and may more closely approximate portant for a given large scale process and which are
the ªweightº adjustments of neural network models. merely happening at the same time in a causally unre-
Conservative Use of Molecular Machinery lated way? As is beginning to occur (Jontes et al., 2000;
It is interesting to consider that in the cases of both Lendvai et al., 2000), such issues can be addressed by
filopodia and spines, significant structural rearrangements using minimally invasive techniques to watch cellular
occur, and these rearrangements appear to be initiated and molecular dynamics during the normal development
by activation of the NMDA receptor. Motility at the cell and functioning of intact organisms.
surface is generally due to the dynamics of the actin
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What Really Happens?
The above studies appear to be generally consistent
with the idea that dendrite dynamics and, consequently,
patterns of neural connectivity are modulated by electri-
cal activity. Given these facts, it still remains to be deter-
mined what this dynamism means to the organism. How
large of a role do filopodia play in synaptogenesis in the
developing brain? Is the refinement of topographic maps
dependent on active dendritic filopodia? How are syn-
apses stabilized? What are the interactions between
axonal and dendritic arbors? What are the cellular and
molecular differences responsible for generating a spine
versus a filopodium? What are the specific functional
